Plasma-made nanostructures show outstanding potential for applications in nanotechnology. This paper provides a concise overview on the progress of plasma-based synthesis and applications of silicon nanograss and related nanostructures. The materials described here include black silicon, Si nanotips produced using a self-masking technique as well as self-organized silicon nanocones and nanograss. The distinctive features of the Si nanograss, two-tier hierarchical and tilted nanograss structures are discussed. Specific applications based on the unique features of the silicon nanograss are also presented.
Introduction
Top-down and bottom-up nanofabrications are the two most common approaches for fabricating nanostructures. Bottomup approaches rely on atomic and molecular building units (BUs) and can be used to produce nanoscale assemblies in the molecular size scale. In comparison, feature/structure size reduction in top-down approaches remains a major challenge. A combination of lithography and mask-assisted etching is a typical top-down technique. Semiconductor processes widely use plasma etching to produce micromorphology through a lithographic etching mask. In general, the mask size determines the feature size. Currently, the smallest feature size created by the state-of-the-art photolithography using water immersion technology is approximately 45 nm [1] . The wavelength of the exposure light source, high facility cost and low process throughput limit the achievable smallest feature size and thus represent a significant challenge.
On the other hand, plasma-based processes can be used to fabricate less regular nanostructures without any pattern delineation processes and have therefore, attracted major attention in recent years owing to their outstanding simplicity, efficacy and cost-efficiency. Recently, plasmamade nanostructures were extensively investigated both experimentally and theoretically [2] [3] [4] [5] [6] [7] .
Black silicon is a typical example of plasma-made lithography-free microstructures. In this process, nanoparticle masks that originate as a result of plasma-assisted polymerization or sputtering processes cannot be effectively controlled and compromise the process output. Producing nanoparticles in the plasma for masks extends the scope of the plasmabased nanofabrication. However, this approach does not solve persistent problems of size/position uniformity and downscaling.
In the previous study, a hydrogen plasma-based approach was developed to create well-aligned silicon nanograss [8] . Compared with the black silicon and nanoparticleassisted fabrications of nanostructures, the silicon nanograss had a smaller diameter (20 nm in base diameter) and a better size uniformity. However, many of the physical and chemical properties of the silicon nanograss remain unexplained. Here, plasma-based synthesis and applications of Si-based nanostructures including two-tier hierarchical nanotip structures, self-organized nanotips and mask-free nanograss are discussed. Furthermore, sample tilting and nanopillar supports are used to demonstrate the various possibilities on morphology control, which is one of the key issues in plasma-aided nanofabrication.
Black silicon
In 1924, Langmuir reported on dust generated in a plasma [9] , which was not explored until the late 1970s-early 1980s.
Thanks to rapid developments in the semiconductor industry, black silicon was discovered during the plasma etching of silicon wafers. The late 1970s marked the beginning of black silicon-related research, when Gittleman et al examined textured surfaces for antireflection applications [10] . Chlorine plasma was the etching and sputtering medium, and aluminium coated on the backside of the wafer was the dust source. The diameters and interparticle spacing of the captured dust particles were in the range 100-300 nm. Thereafter, numerous studies discussed black silicon formation mechanisms [11] [12] [13] [14] [15] . Initially, black silicon was an undesired by-product in semiconductor processing because of the accompanying dust contamination [16] .
However, many applications, including photovoltaic solar cells [17] , accelerometers [18] , photodetectors [19] and surface with controlled wettability [20] , benefit from the nanoscale morphology of black silicon and have recently attracted a continuously increasing interest.
In general, micromasks and anisotropic etching through the assistance of sidewall passivation on silicon pillars are essential to produce black silicon. The micromasks may originate from the products of plasma polymerization or sputtering of reactor walls and electrodes. On the other hand, reactive radicals generated through the surface-or gas-phase reactions can form the required passivation layer. To shed some light on the formation mechanism of hydrogen plasmamade silicon nanograss, the following section introduces basic aspects of the plasma-assisted etching of black silicon and related nanostructures.
Mask materials
Fabrication of plasma-made one-dimensional silicon, including black silicon, involves mask preparation. Without a regular lithographic pattern, most black silicon masks arise from sputtered debris. Several studies compared cathode materials and demonstrated that such masks consist of cathode materials. Pinto et al [21] and Gotza et al [13] compared aluminium/alumina and quartz cathodes and found that a rough morphology did not appear in quartz-covered cases. Schwartz et al [22] demonstrated that redeposition is the key mechanism of Al/Co mask formation on the surface.
Plasma polymerization is another chemical route for the mask formation. Smadi et al [16] investigated the chemistries of SF 6 /Ar and CF 4 /O 2 /Ar discharges, and revealed that the masks were composed of the elements of the reaction gas and the substrate materials. Therefore, the masks are formed through redeposition of the particles released from the Si substrate as a result of sputtering and etching reactions. Similarly, in HCl/O 2 /BCl 3 discharges, redeposited SiO 2 is believed to be the main mechanism of mask formation [14] . The diameter of silicon structures in the SiO 2 -mask black silicon experiments is usually larger than a micrometre.
Most black silicon studies analyse mask composition and discuss the origin of any particular morphological features on the surface. The drawback of this method is a less controllable and predicable mask. To design particles for masks and to facilitate mask production for Si nanocone arrays, ion sputtering was applied [23] . Li et al [24] prepared carbon cone masks using Ar ion bombardment of the pre-deposited carbon film. Several studies examined various approaches to prepare nanomasks for hydrogen plasma-made nanostructures. For example, Hsu et al [25] applied SiH 4 and CH 4 to generate SiC nanoclusters as hard masks for etching silicon wafers, and obtained Si nanotips using Ar/H 2 plasma etching. She et al [26] generated SiC hard masks on silicon wafers using the CH 4 /H 2 plasma and then applied the hydrogen plasma to etch the wafer. Furthermore, tungsten particles may work as an etching mask against hydrogen radicals to produce silicon surfaces with micro-and nano-textures [27] .
Reactive species in the plasma
Halogen-based gases including fluorine and chlorine are commonly used as etching gases for black silicon production [7] . These gases contain a plethora of reactive radical species. Fluorine-based radicals react with a very large number of materials, and usually enable highly isotropic etching. Fluorine atoms have to be released from gas molecules to react with silicon. By adding oxygen gas to fluorine plasma, the concentration of atomic fluorine can be increased through oxidation of fluorine-based gas. The following process describes the extraction of fluorine atoms from a CF 4 precursor [28, 29] :
However, oxygen also reacts with fluorine atoms. Excessive amounts of oxygen can reduce the amount of atomic fluorine and can thus inhibit the fluorine etching process:
Using CF 4 + 5% O 2 to treat wafers before etching can result in the self-formed masks [13] . In comparison, a gas mixture of CF 4 (200 sccm) and O 2 (100 sccm) gases was used for wafer conditioning before loading the wafers into the reaction chamber in Si nanograss studies [8] . Energy dispersive x-ray (EDX) analysis results showed that no traces of metal contamination were detected. In addition, atomic hydrogen also scavenges F atoms to form HF:
This may explain why hydrogen is usually considered as an inhibitor rather than an effective etching gas in fluorine and fluorocarbon plasmas. However, atomic hydrogen alone can etch silicon or germanium to create nanograss and quantum dots. The ability to etch semiconductors owes to the reactions between hydrogen and semiconductor atoms leading to volatile covalent hydrides [30] . The etching rate of hydrogen plasma for Si is much higher (30×) than for SiO 2 [30] . Therefore, it is possible to selectively etch Si over silicon oxide using hydrogen plasma. Moreover, the incompletely removed (during the chamber conditioning) native oxide may act as a mask in the subsequent hydrogen selective etching, because of the lower etching rate of the oxide layer compared with silicon. However, the contribution of the native oxide layer to hard masks is usually small because of their small (typically a few nanometres) thickness. In addition, the etch selectivity of SiO 2 /Si also depends on the ion flux. Increasing the input ICP power will reduce the etch selectivity of SiO 2 over Si [31] . For nanograss production, a substrate bias was needed in hydrogen plasma etching to enhance the ion flux [8] , which may reduce the SiO 2 /Si selectively, also indicating that the native oxide mask does not play a major role for nanostructure evolution under large ion flux. [12] . Less reactive Cl atoms may also adsorb on the sidewalls thus forming the required passivation layer to inhibit the isotropic etching. In HCl/O 2 /BCl 3 plasma, sputtered silicon chlorides with high sticking coefficients can adsorb on sidewalls and produce silicon oxide passivation layers [14] . The major products in the reaction between the hydrogen plasma and silicon substrates are SiH 2 and SiH 3 [32] , which are very reactive to re-adsorb on the silicon surface. The SiH 2 and SiH 3 radicals have large sticking coefficients and can thus effectively passivate Si surfaces.
Sidewall passivation
Reaction products have to be volatile to enable effective reactive chemical etching. For example, volatile SiF 4 or Si 2 F 6 can desorb from the substrate surface, because no bonds link them to the silicon surface. On the other hand, highly anisotropic etching requires effective passivation of the sidewalls. Examples of suitable non-volatile radical species include SiF 2 and SiF 3 . Oxygen radicals also enhance etching anisotropy by combining with fluorine-based gases to passivate silicon surfaces with SiO x F y
Mask-free process
Many problems such as strong non-uniformity in the nanostructure height and size distributions are caused by the masks formed by the sputtered debris. In addition, black silicon is rarely observed in narrow trenches, because of the shadowing effect. This is why black Si-free areas near the pattern edges are frequently observed [14] . Therefore, the preferred plasma etching should ideally be mask-free. The absence of a mask obviously reduces the capability of selective etching. However, surface micro/nano-roughness enables the maskless etching. Indeed, CF 4 /O 2 plasmaetched Si surfaces revealed a nanoscale roughness instead of the expected atomically smooth surface [33] . This nanomorphology may originate through redistribution of reactive etching species between the valleys and the hillocks on the surface. For example, CF 4 plasmas can create nanoscale columnar structures on silicon surfaces without a metal mask. Moreover, using plasma-polymerized fluorocarbon masks significantly improves the uniformity of the surface roughness [34] . In addition, the masks are not formed at low temperatures in SF 6 /O 2 gas mixtures [35] .
In addition to the plasma etching, self-organization in the plasma can lead to the formation of silicon nanocones and nanopyramids [36, 37] .
Ar + H 2 plasma etching and sputtering effects release silicon atoms and Si-based radicals. The competition between the nanostructure growth processes (from reattachment of Si atoms, the deposition of SiH x radicals and larger hydrogenated clusters) and surface termination by H atoms control nanostructure nucleation and growth. The total energy minimization principles determine the final nanostructure shape. Adding small amounts of hydrogen dramatically increases the energy flux in this selforganization-based process [38] . Hence, using a mixture of hydrogen, nitrogen and methane gases one can obtain silicon nanocones with a density of 10 8 cm −2 through the plasma etching combined with silicon material redeposition [39] . The major difference between the etching and selforganization/redeposition scenarios could be the density and the aspect ratio of the nanostructures. In the growth and redeposition scenario, the small inter-nanostructure spacings available for BU delivery and the associated shadowing effect may substantially reduce the nanostructure density. However, for maskless etching, the density of the nanograss structures is expected to be higher.
Simultaneous high selectivity and anisotropy usually happen in narrow parameter spaces [36] . We have used ICP hydrogen plasma with a lower frequency bias to create silicon nanograss. In the absence of a mask, silicon nanograss is uniformly distributed over a large area. Figure 1 shows a cross-sectional transmission electron microscope (TEM) image and a picture of a 6 inch silicon wafer decorated with Si nanograss. Wafer processing in inductively coupled plasmas may provide such high uniformity. Another attractive feature of the nanograss is its high aspect ratio. The base diameter of each nanostructure is approximately 20 nm, which is much smaller compared with black silicon and SiC-cap nanotips [40] . The density of the nanograss can be as high as 10 11 cm −2 , which is almost 10 000 higher compared with typical black silicon [19] . In other words, there are 10 13 nanotips formed on the surface of a 6 inch silicon wafer. To enable effective antireflection, the pitch of individual nanostructures has to be less than the wavelength of light at normal incidence and less than a half of the wavelength at oblique incidence [41] . The pitch in the TEM image is approximately 20 nm. Therefore, the nanograss features are too small to be resolved by the incident light even in the UV spectral region. Hence, the diffraction effects can be neglected [42] . The uniformity in height of individual nanostructures also implies that nanoparticles are not generated in the gas phase during the hydrogen plasma etching. If the masks were formed by sputtered debris, then the mask deposition would be continuous and the resulting structures would be very nonuniform. A high-resolution TEM (HRTEM) image in figure 2 provides additional evidence on the absence of any mask. Indeed, the cap layer near the top of the structure has the same atomic ordering as Si (1 1 1).
Inclined nanograss
The development of silicon nanostructures with arbitrary angles with respect to the surface is interesting for applications as unidirectional wetting layers in microfluidic systems [43] and ultra-low refractive index films [44] . Recent studies using glancing-or oblique-angle deposition resulted in the creation of inclined nanostructures [45] [46] [47] . Random growth fluctuations may play a significant role in the evolution of a tilted columnar morphology by producing a shadow region to inhibit the incoming vapour flux. Another route to inclined one-dimensional nanostructures involves the plasma process. Several studies revealed that the alignment of carbon nanotubes (CNTs), determined by the direction of the electric field lines, deviated from the direction normal to the substrate near the sample edge due to edge effects in the plasma sheath [48] [49] [50] . Similar effects were reported for amorphous silicon [51] and diamond nanocones [52] .
The hydrogen plasma etching process was extended to tilted nanostructures here. When the substrate was tilted at an angle of 30
• , the morphology of the silicon nanograss changed near the sample edge ( figure 3(a) ). However, the nanograss structures far away from the edge (several millimetres) was still perpendicular to the substrate ( figure 3(b) ), which indicates that the plasma sheath profile followed the substrate shape, and that the plasma etching near the sample edge can be used to fabricate uniformly tilted Si nanograss.
Nanograss on nanopillars
The size of one-dimensional silicon nanostructures fabricated by the plasma etching was usually larger than 100 nm [19, 23, 39, 40] , whereas the size of the silicon nanograss was much smaller. This can be due to slower etching rates of hydrogen ions/radicals and the absence of any foreign mask materials.
The properties of the silicon nanograss can be exploited to enhance the stability of superhydrophobic surfaces, because of the ultra-fine nanoscale surface morphology. Superhydrophobicity is defined as a hard-to-wet surface with large water-droplet contact angle (exceeding 150
• ) and small sliding angle (e.g. less than 10
• ) [53] . However, sticky superhydrophobicity (contact angle >150
• ) has been found in some rough surfaces [54] [55] [56] . For nanograss alone, the superhydrophobicity is sticky, and the sliding angle can be larger than 60
• . After introducing nanopillar as the underlayer to reduce the nanograss density, the superhydrophobicity becomes slippery, that is, the sliding angle is close to zero degrees [57] . Figure 4 shows SEM images of Si nanograss grown on a Si nanopillar. The nanopillar structures were fabricated using electron beam lithography. The nanopillars significantly improve the superhydrophobic stability compared with bare micropillars [58] . To enhance the superhydrophobic response even further, even smaller nanostructures on the nanopillar top surface are required, which is a big challenge for nanofabrication based on optical and e-beam lithography. If nanoparticles are generated as hard masks, it is difficult to ascertain that every nanoparticle sits in the desired position on the small top surface. Etching in hydrogen plasmas proceeds at an atomic scale without any mask assistance; in this way one can obtain the desired hierarchical nanoscale two-tier morphology. The surface can sustain a static pressure of 234 Pa without losing the nearly perfect superhydrophobicity, even when the air fraction exceeds 99.98% [57] .
Applications
The ability to fabricate two-tier hierarchical self-organized nanostructures offers additional benefits in various applications. For example, it has been reported that the field emission performance of the two-tier nanostructures can be even better compared with nanopillar and nanograss structures [59] . It was also suggested that this effect may be attributed to the adjustment of electrostatic screening effects by the small nanostructures on top of the nanopillars.
In another application, thermal nanoimprinting was used to transfer the nanograss into cyclic olefin copolymer (COC) plastic substrates [60] . In this way, sub-20 nm nanotip patterns and nanopore arrays on plastic were realized. This led to the two significant effects. First, there was a significant increase in optical transparency. Second, the native contact angle increased to the superhydrophobic value; this was achieved without any intentional surface functionalization of the plastic surface.
Recently, Chang et al [61] used Si nanograss as a high-specific-area antireflective material to enhance visible photoluminescence intensity of ZnO layers. ZnO/nanograss heterostructure exhibited a much brighter emission than a ZnO thin film without silicon nanograss. Furthermore, Otto et al [62] used black silicon as an underlayer to reduce the reflectivity of conformal transparent conducting oxide ZnO : Al layers. This effect can significantly improve the performance of heterojunction photovoltaicsolar cells in the future.
Summary
In this paper, we have discussed the progress achieved in the area of plasma-made Si nanograss and related nanostructures. In particular, we have introduced representative chemical reactions involved in the formation of silicon nanograss in hydrogen plasmas. During hydrogen plasma etching, plasma-surface interactions lead to the surface roughening. Strong material removal from the valley eventually results in nanograss formation. Surface passivation of the sidewalls of the nanograss by adhering radicals such as SiH 2 and SiH 3 also contributes to the significant etching anisotropy. A negligible amount of mask material detected via EDS and HRTEM analyses demonstrates that masks are absent in the hydrogen plasma etching, which in turn results in very high surface density (∼10 11 cm −2 ) of the silicon nanograss. To demonstrate the power of hydrogen plasma etching, novel nanostructures including tilted and two-tier nanograss structures have also been presented. Although the mechanism beyond this highly anisotropic hydrogen plasma etching still awaits further detailed analysis, the advantages of highuniformity and high aspect ratios enable several important applications. One can thus expect that hydrogen-based plasma etching can also be used for the fabrication of non-silicon nanograss with presently unknown properties and applications. This approach may offer viable practical alternatives to several conventional ways to produce semiconductor quasione-dimensional nanostructures [63] [64] [65] .
